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1.0 INTRODUCTION

For many years the Arnty has encountered problems in hard stand test

firings of shoulder supported weapons. There are two basic causes for

these problems:

a. Test fixtures do not adequately represent actual firing

situations, which results in an iacongruity between data obtained in test:

firings and actual field use firings,

b. Test fixtures are not universal, so that a particular weapon

might reveal one set of characteristics in one type of fixture and a

different set in a second type of fixture. For the above reasons many

weapon producers have, in the past, been forced to shut down production

because their weapons failed to pass acceptance tests. It is estimated

that over $100,000 could have been saved on the M416 rifle program if only

one of the many production shut downs due to weapon malfunctioning was

eliminated.

The objectives of this report are to determine the feasibility of

designing a small arms mount, that adequately simulates the mount reaction

force for an actual shoulder supported firing configuration, and to pro- I
pose a design concept of a mount fixture and arrive at the critical design

parameters for the fixture.

To show the feasibility of designing a mounting fixture, a prototype

mathematical model was developed that simulates the man and weapon as aI

coupled dynamical system. The derivation of the model equations is

presented in Section 2.0.

Successfully modeling man as an integral part of a weapon. system rests

upon two important facts. First, the dynamical motions that occur in a

typical, shooting situation are characterized by small angle oscilliatory

motions of the human operator about an initial aiming position. Second,

the app~ied breech pressure force consists of a periodic sequence of

impulses. Man's neuro-muscular reaction time is slow compared with the

weapon firing rate and his ability to think and actively respond to these
foice inputs does not influence the dynamics of the system until after a

significant amount of time has elapsed. An initial passive response phase

of motion is, th~refore, a characteristic of the man-weapon interaction

problem.



Before listing the specific modeling assumptions, a discussion of the

exact nature of human dynamical response is presented. The human body is

a nonhomogeneou.s composition of body segments with multiple degrees of

freedom. In addition to being nonhomogeneous, each body segment is deformable

because of blood flow and muscle action; furthermore, the human neuro-

muscular system behaves as a servo control. mechanism to force inputs.

Some pecularities such as blood flow have little affect on the dynamical

behavior of the human body. The dynamical representations of the body

segments and the representation of the shooter's behavior as a servo control

mechanism is treated by making certain mechanical assumptions.

Because of the overall complexity of the human body, mathematical

models of mechanical systems involving human body interactions must per-

tain to rather specific configuratious. Instead of modeling the man-

weapon interaction problem for all types of firing positions, a more suitable

analytical approach i~s to model one specific firing position. In this

way the kinematical constraints become easier to prescribe and the resulting

positions are standard for small arm weapons. The vertical standing position,

with the rifle held up against the right shoulder, was chosen for this

analysis primarily because the motions of the man and weapon in this position

can be adequately represented with only three independent degrees of free-

dom.

For convenience the time history of motion of the man-weapon syst--m

is separated into a set of distinct phases. In particular, the human

operator's neuromuscular response is separated into a passive phase followed

by an active phase. Breech pressure forces for the M16 rifle consist of a

series of impulses of approximately one millisecond duration, which repeat

periodically approximately every 80 milliseconds. Because the human body

is not capable of reacting actively to force inputs dilring the first

150-200 ins, this initial time interval is characterized by a passive response

of the human operator. Afterwards, the neuromuscular system, which acts

somewhat as a servo control mechanism, can significantly influence the wea-

pon motion; however the physical effects of the man' s active neuromuscular

response generally are not noticeable until after 300 milliseconds have

elapsed.
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Ma~ch insight, in the problem of modeling man-weapon interactions,

was pro-vided by observations of high speed photographic films that

were Pb rained from tests conducted at the Harry Diamond Laboratory.

In t.,hese films, both the top view and the side view of a man firing the

M16,U. rifle in automatic fire were recorded. A stationary grid was placed

behind the test subjects to provide an inertial reference system. The rifle

was held by the test subjects in each of three separate firing positions:

a. off the hip

rb. on the right shoulder with the body in a vertical standing position

C. on the right shoulder with the body in a slanted position

The vertical standing position was selected for the theoretical analysis.

Observations of the films helped to establish the predominant degrees

of freedom of the system and the time history of motion in each coordinate.

Additional high speed photographic data were obtained by Mr. Thomas Hutchings

for the M79 and M203 grenade launchers. This data provided the time history

motions for the higher impulse weapons (the M79 and M4203 grenade launchers

generate an impulse of about 2.5 lb-sec compared with 1.2 lb-sec for the

M416 rifle). Additional data was obtained for the M416 rifle at the Keith

L. Ware Simulation Laboratory, Rock Island Arsenal. A load cell device

was used to measure the transmitted shoulder mount force and two displacement

transducers were used to obtain the weapon rotation. These experiments

are discussed more fully in Section 3.0. The data from these experiments

provided considerable insight on how to construct the analytical model

and also provided a means for estimating some of the unknown system parameters.

Section 4.0 contains the results of a sensitivity analysis that was

performed with the man-weapon interaction model. As a result of this

antalysis, two prototype small arms mount designs are recommended. The

conclusions and recommendations of this study are presented in Section 5.0.

1-3 The following page is blank.



2.0 DERIVATION OF THE BIOMECHANICAL EQUATIONS OF MOTION FOR SHOULDER
FIRED SMALL ARMS

2.1 Test Fixture Design Procedure

The design specifications for the universal small arms mount fixture

were obtained from analytical simulations of the biomechanical inter-

-action problem. That is, the design configuration and design parameters

of the mount are based on results of a dynamic analysis of the man-weapon

interaction problem. The specific steps followed in this procedure are

listed below:

a. Determine, through observations of high speed film data, the

minimum required number of independent degrees of freedom needed to

represent the biomechanical interaction forces for shoulder supported

small arm weapons.

b. Develop a biodynamical model of the man-weapon system and

determine the sensitivities, of mount force and of the pitching motion of

"the weapon, to variations in the various biomechanical system parameters.

c. Obtain a preliminary design for a universal small arms test

fixture based on the biomechanical analog and obtain bounds on the

critical design parameters from results of the sensitivity analysis.

2.2 High Speed Photographic Test Results

In order to determine the number of independent degrees of freedom

that are associated with the man-weapon interaction problem, several high

speed photographic film tests were performed for shoulder supported firings

of the Ml6AI rifle and the M79 and M203 grenade launchers. These tests

involved several shooters of various weights and heights so that the effects

of variations in human mount characteristics would be observed. The data

extracted from these tests include the transmitted recoil force and motions

of the weapon and the shooter. The shoulder support firing configuration

was selected for the tests, because the weapon mount forces are easier to

measure and the biodynamical motiona are less complex than for other standard

firing configurations, such as the off-hip configuration.

2-1
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Observations of the high speed photographic film data led to the

development of a man-weapon biodynamics model. The films recorded the

test subjects in both the top and side views. The top view was obtained

by a 450 inclined mirror located directly above the test subject. During

the tests, the shooters fired five rounds from the Ml6Al rifle in single

shot, semi-automatic, and burst modes, and fired single shots from the

grenade launchers at various range settings. Observations of the film

sequences for these tests indicated which rotational and translational

motions of the weapon and shooter are predominant.

In addition to the translatory motion of the weapon toward the

shoulder, two predominant motions of the man-weapon system were observed.

These motions include:

a. A rotation in the vertical plane of the upper torso of the man,

who initially (for approximately 0.3 second duration) pivoted about his hips.

Afterwards the man appears to consciously react to the weapon recoil and

his motion becomes more complex.

b. A rotation in the vertical plane of the weapon and the shooter's

arms, pivoting about the shoulder. The top view revealed a negligible

amount of yawing of either the shooter or the weapon compared with the

vertical pitching rotations. Selected angles aud position coordinates

were measured for each film sequence using the Vanguard Motion Analyzer

at the University of Iowa Hospital Biomechanics Laboratory in Iowa City, Iowa.

Results of the high speed photographic film tests reveal a period

of relative inactivity in the pitching rotations for approximately the

first 20-50 milliseconds after the commencement of each shot. This delay

effect is probably caused by the compression of weapon padding and soft

body tissue as the weapon translates toward the shoulder. After the weapon

is fully compressed against the shoulder the remaining kinetic energy of

the weapon induces the rotational pitching motions of both the man and the

weapon. Yawing motion apparently was minimized by the stance of the man,

as the weapon is held almost parallel with the breadth of his chest during

firing. The net torque produced about the man's vertical yaw axis is

therefore small.

2-2
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2.3 Man-Weapon Model Assumptions

A mathematical model simulating the man-weapon biodynamical interactions

from weapon recoil was then developed based on information supplied by the

film data and on biomechanical data supplied by various sources. Figure 1

contains a schematic representation of the model. The X1 , X2 , X 3

coordinate system is a fixed system with the origin at the man's hip.

Coordinate system Y 2. Y2' Y3 is attached to the right shoulder pivot and

rotates with the weapon. The Y2 axis is parallel to the gun barrel center-

line. Variable x locates the center of mass of the weapon combined with the

man's arms. Variable 0 measures the absolute pitch of the man in the X -

X3 plane and variable ý measures the pitch of the weapon relative to the

man's trunk. The total pitch of the weapon is therefore the sum of angles

0 and .X3

-•" 3 Y 2

!•Figure 1 Man-Weapon Interaction Model
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Because the development of the biodynamics moel1 involves, in part, a

mechanical description of the human body, several simplifying assumptions

were required in order to arrive at a fairly simplified but realistic

representation of the system. There is no simple or easy approach to

modeling human body dynamics and very little useful data is available on

biomechanical properties of the human body. The feasibility of successfully

modeling man as an integral part of a weapon system rests upon several

important considerations, which are discussed below:

(1) The breech pressure force for small arm weapons - rifles and

grenade launchers - is impulsive. A typical breech pressure force curve

for the M16Al rifle is illustrated in Figure 2. Normally the Ml6AI

generates approximately 1.2 lb-sec impulses of about one millisecond

duration that repeat periodically every 80 milliseconds.

(2) During the initial portion of a burst, the shooter responds

passively to transmitted mount forces. Thus, even though he may anticipate

the impulsive recoil force and prepares, his muscles accordingly, there is

an initial tiae interval during which the shooter is unable to respond

actively to the pulse.
The duration of this passive phase depends primarily on the shooter's

[I neuromuscular reaction characteristics. Moreover, the actiye response

of the shooter intuitively should not have much influence on the time

history of the transmitted recoil force. One might expect, however,

that the active human control response, after approximately 0.3 seconds

or so, nmight have a significant effect on the angular positioning of both

the weapon and the man's upper torso.

c. Observations of the high sp ad photographic film data reveal

that, during the passive response phase, the shooter's hips remain

stationary; consequently only the upper torso and arm segments are

represented in the biodynamics model.

d. High speed photographic films reveal that the maximum angular

pitching motions of the man's upper torso and the weapon are generally less

than 100. A small angle approximation is, therefore, applicable in the

formulation of the biodynamical equations of motion. Small angle approximations

are particularly useful. for generating problem solutions on the analog

computer.

2-4
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Figure 2 M16 Breech Force vs Time

e. The human body can be represented dynamically as a systet )f linked

rigid bodies that are internally stable and homogeneous; furthermore, each

rigid body can be represented by simple geometric forms (i.e. elliptical

cylinder, frustrum of a cone, etc). These approximations of the human body

have been used in the works published by the investigators listed in

References 1
)

2
J3.

2.4 Historical Background on Human Biodynamical Research

The lumped mass approach to modeling the dynamics of the human body

requires the specification of segment masses, moments of inertia and centers

of mass. Active interest in determining the segment characteristics of the

' ! ~ ~~~~1Whxit.(•etL (C. V., ",')l'S' i)yii~h,,I,' )"+loiiq+'e Chi~iuiuir i't' I'.•lcu of[ W('Ilii.t~hl s'

M[a| i "' ti l of ,cIi 1 IC' 0' 'il, :..- , is .i h lFo '(r'c 'Il1l. I . l(- iif 'Jo'f Chll(i] y0VY

I I ' Miit U I IL A t(":lii •t )' Forecc Jifi, Ohio, A I'i,- 'TR-63-18, AD 412',
4 1, 1.962

LNcC( ihi, J ,I. on ld Seguer, ). I:. ", 'Tuii uo ]" i:r: D1,o i tl'ifl I )I llnaie'i. of

it VA L I it LtA ( 9'-Co 1t I Lof ],kI (AI.1 c 1 i: 1ii O tio -0 l i11:l I'; Ilo ) H1 11;1 tC I'
of S iC ,•iv .I 'C'uiv ' T ; I A Li "oi'i r .vuI IVI Ii .l 'L r 0f TrVk:I11no.1 'VI , N lrJg-ht PA t tt "or~011

Air I'uc. oi.'-, (Ohio, AD 610L:I9, 1964

3mctiler•ry, It.R. and Naab, K.N., "Compuiter Sflitilati on of Lhi AutLoIjobile

Cril!'o Victim Il n Frontal C(G1iu ioio--A ViaiIdaLoJilI ,tudy, Cornel.] Acroniti-
cal loboru tory, JiiiC., Buffo']o, Now York, CAG OljiL No. 11]-2126-V-lk 1966
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human body has been undertaken by numerous investigators. Braune and Fisher •

in 1889 performed experimental research on three cadavers and published

a comprehensive study o! weights, volumes, and centers of mass of the body

and its segments, Later, in 1906, Fisher 5 experimentally determined the

moments of inertia of segments from a single cadaver. Since that time

interest in this subject diminished until rather recently. Dempster 6, in

1955, published a study on human biomechanics that contains experimental data

taken from eight cadavers.

The specific data presented in this study includes segment weights,

moments of inertia, densities, center of mass locations and volumes. Using

data compiled by Dempsuer, Braune and Fisher, Barter 7 in 1957 prepared a

series of regression equations for predicting body segment weights from total

body weight. These equations have been used extensively by biomechanical

engineers and designers. In 1963 Santschi 8 and his co-workers reported on

moments of inertia and centers of mass of sixty-six live test subjects.

Santschi attempted to answer the pertinent question of whether or not body

segment parameters can be predicted, to a reasonable degree of accuracy,

from anthropometric dimensions. He discovered a high correlation factor

of segment centers of anss and moments of inertia with an individual's

anthropometric dimensions.

2.5 System Kinetic Energy

The formulas that were used to predict the physical characteristics

of the man's upper torso and arm segments are listed in Appendix A. Since

the man-weapon interaction problem has been reduced to three independent

degrees of freedom, the segment masses corresponding to the man's upper

torso (i.e. the head and torso) are combined to form a single rigid body

4 fBrnaue, W. nmd F],jcher, 0., "The Center of Cravity of the Hlulnani Body
as Ielat(ed to the German linfantrymani," Leipzig, ATI 138452, 1.889

5 F1jnchrc, 0. , ''Thieoretic,.i .t,,daioenitalfi for a Mechanics of Living Bodies
with Sple. al Applica1. lonti Lo Man v W(ell. at; to Snol' PI'rocLes" of Motion
of Machinoes," B.G. Tubner, ]errlits, ATI 153668, 1906

6DLeiupft(!v, W.T., "'Space RoquIrerentJi' of the Seat'ed Operator," Wr•ighit:
Air hPoveJopilcnt Center, TR-55-159, Wright-PatLerson Air Force Base,
Ohio, AD 87892, 1955

7Barter, J.T., .'Fst Iczt3on of the aHass of Lody Segit..ntn," Wright Air
Developlimnt Cenlter, Wright-h'atteroon Air Force Bane, Ohio, TR-57-260,
AD 118222, 19571

OSamtrtchi, W.R., DuBois, J., a,'c Od oLo, C., "Moments of Inertia and
Centers of Gravity of the livit;g Hhuman Body, Aerospace Medical
Resoarch Inbowrn)oripm, Wrighst-.'atLeiorzo Air Force Base, Ohio,
AMRL-TDR-63-66, AD 410451, J963
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and the segment masses corresponding to the man's arm segments and hands

and the weapon are combined to form a second rigid body. The rigid body

comprising the trunk and the head is allowed to rotate in the vertical

plane about the man's hip, while the rigid body comprising the man's arms

and the weapon is allowed to translate in the direction of the recoil force

and rotate vertically about the shoulder hinge. Any bending of the man's

arms during a firing event is considered small and is neglected.

Referring to Figure 1, the kinetic energy' of the system is given by

Sz [ 2 •+ (0 +$) 2 +i - "- rm (2-
T [ 2 cm r cm rcm + m r. r(

where

'I - Moment of inertia about the center of maes of the head-trunk

rigid body.

I r = Moment of inertia about the center of mass of the arm-weapon
rigid body.

M - Mass of the head-trunk rigid body,

m - Mass of the arm-weapon rigid body,

rcm - Time derivative of the center of maas location of the head-trunk

rigid body, and,

r - Time derivative of the center of mass location of the arm-weapon

rigid body.

In the XV x2, x3 frame, the components of vectors rcm and r are

r cm 3 rcm (-sin 2 + cos x3) (2-2)

r = [x cos (0 + •) - L sinO] 0 2

S+ [x sin (0 + •) + L cos 0] x 3  (2-3)

Taking the time derivatives of expressions (2-2) and (2-3) and substitut.ng

into equation, (2-1) leads finally to result

(,Ic +h r2m) 52 + Ir (6 +

,C+ [ - cos ý)2 + (x + (x L sin ) (2-4)
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9.6 System Potential Energy, Dissipative Mechanisms, And Generalized Forces

In order to obtain an expression for the system potential energy,

the passive response of the man's muscles must be taken into account.

Prior to firing, the shooter's muscles are in a state of preloading to

support the weapon and to balance the forces of gravity on both the man and

weapon. After the commencement of firing, the approximation is made that

passive restoring forces, produced by the various muscles in the upper torso

and arms, can be represented by a system of linear springs and dashpots.

This approximation is justified based on the small orders of magnitude of

the angular deformations resulting from weapon recoil torques. Torsional

springs and dashpots are, therefore, included in the model to resist motions

in each of the two rotational degrees of freedom. The rearward translatory

motion of the weapon initially causes the fleshy padding on the shoulder toJIcompress. Any further rearward displacement of the rifle results in the

stretching of the muscles and ligaments that attach to the bone structure

of the shoulder. Resistance offered by these muscles and ligaments is

I modeled by a relatively strong spring and dashpot, while the initial soft

compression of the shoulder is modeled by a relatively weak spring. Having

represented the elastic and viscous damping characteristics of the model,

the system potential energy, V, then becomes

2 0 (a - 4+- (1 ) - )

2k e(X - )2 for x >x:+ w

kx (x - xs) 2 + kx (xs - I Ix - 1 (Xs + Xe)] for x < x

Ss w

+ M g rcm (cos 0 - cos 0 0) + mr g [L(cos 0 - cos 00)

+ x sin (0 + x) - o sin (00 + 4o)] (2-5)

wherc

kl kV k1,(,. kx " system spring constants
w 8

0 Go X0  • initial conditions for variables 0, 4, and x respectively

e0 e' x static equilibruim spring positions

-:g = gravity constant
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